A review of conditions necessary for turbine engine icing is presented along with the potential problems caused by engine icing. Methods of protecting the engine against icing are briefly presented and a method of automatic anti-ice operation is proposed.
BACKGROUND
As a manufacturer of ice detectors for aircraft, Rosemount has been advised of incidents of ice ingestion into gas turbines at ground installations over the past several years. In each case brought to our attention, the result of ice ingestion has been severe damage to the gas turbine, damage to be repaired at great expense, in terms of repair bills as well as the down time of an expensive piece of capital equipment.
The ice that caused these incidents came from the inlet screen, inlet guide vanes (IGV's), and/or the first few compressor stages. Icing of the inlet screen has increased the pressure drop across the screen to the point of collapse and subsequent ingestion of the screen. Ice will build on inlet guide vanes and compressor components to such an extent that, when shed by vibration, heat, or other effect, it will cause foreign object damage (FOD) to the engine. This ice buildup should be as much, or more, a problem in marine installations as for ground installations.
Fig. 1 Flow in turbine inlet
on various engine components has historically been described as: "anytime the ambient temperature is below 35 F, icing is a potential hazard." This definition is extremely conservative and for These effects are not unknown to the insome northern locations would advise full time dustry and gas turbine manufacturers have made anti-ice operation nearly four months per year. provisions for anti-ice operation, e.g., example, Some refinements have been added to the foregoing with bleed air heating of the inlet. The operadefinition, such as: "when ground level moisture tors have been warned of the potential of icing is visible," or "but hardly ever below 10 F," or and have been advised of when to activate anti-"if the humidity is more than 85 percent." These ice systems, as in the case of cold, foggy weather, refinements have been added as a result of the but still, these icing FOD instances occur.
penalties associated with anti-ice operation when The purpose of this paper is to present it is not absolutely necessary. Each statement the author's understanding of gas turbine icing has some factual basis but exceptions as well. and relate that knowledge to the case of ground For example, adiabatic cooling from the ambient and marine turbine installations. Further, the to the compressor inlet ( Fig. 1) can turn clear technique of protecting gas turbines from the air into air with condensed water; icing below ice buildup will be discussed along with the 10 F has been witnessed by aircraft and should be penalties of each technique. Finally, an inexpected in the general case; during high perstrument capable of detecting icing will be preformance and/or restricted inlet flow, adiabatic sented in the form of a system for automatic cooling can exceed the approximate 3-deg temperacontrol of anti-ice equipment.
ture drop assumed by Lhe 35 F, 85 percent humidity guidelines (Fig. 2 Only when supercooled water droplets are present can ice form when the air meets an object. The droplets tend to freeze to the object when they are disturbed from their supercooled condition. If the water is frozen (sleet) or above freezing (rain) or in vapor state (humidity), the airflow will not introduce ice buildup. Even when supercooled water droplets are present, icing does not always occur. Certain conditions of air speed, ambient temperature, droplet size, and object size can combine to preclude ice buildup. Large objects in low-speed, fine droplet flow tend not to ice-up; whereas small objects in high-speed, large droplet flow tend to ice-up rapidly. Fig. 3 presents the water catch efficiency curves for several conditions.
The foregoing observations point out why IGVts, first-stage rotor blades, and inlet screens are particularly susceptible to icing. These items are relatively small components, and, in addition, the IGV's and first-stage rotor blades are in a high-speed flow area. On the other hand, the large size and low velocity flow of inlet bellmouths tend to make the bellmouth less prone to icing than the IGVIs.
Therefore, the present forms of ice forecasting do not cover many of the possible variations that can cause icing. Temperature alone overpredicts by a large margin, the icing potential; a low temperature limit ignores any possibility of icing below that temperature; humidity measurements assume some temperature drop, a reduction that can be exceeded in some circumstances and it is not absolutely necessary to have visible moisture in the ambient air to get icing on components of gas turbines. Actual icing encounters are relatively rare (perhaps 8 percent maximum), but determination by present guidelines, particularly when remotely determined, can overlook some real encounters and overestimate in other cases. Ice detection at this point of interest (engine inlet) is proposed as a meaningful way to correctly determine when icing is an actual problem.
EFFECTS OF ICE
The fact that ice will build up on several different components of a turbine is not alarming. Most turbines are designed so that some distortion of the inlet flow pattern will be acceptable with little or no degradation inperformance and so that they will accept moderate amounts of ice ingestion without damage. The problems arise when this ice buildup is excessive, when large amounts of ice are ingested into the engine, or when the icing of rotating components is uneven.
Excessive ice buildup can be defined as when the airflow is blocked to the point of increasing turbine inlet temperatures (TIT) or increasing pressure drop across inlet screens to the point of breaking the screen. In the first case, the TIT increase may require engine shutdown. In the second case, the screen segments will be ingested into the engine. Both effects result in operating losses --the first in lost operation, the second in catastrophic damage.
The amount of ice built up on components does not have to become excessive as mentioned in the foregoing to create a problem. The vibration, centrifugal, or drag forces on the ice will break the ice loose from the structure. As mentioned earlier, some ice ingestion may be acceptable to some engines, but it is generally not recommended practice.
Another area to mention is that of uneven icing of rotating components. This pattern of icing causes an imbalance and creates increased vibration levels in the machine. Uneven icing is caused by asymmetrical shedding of ice from the rotor blades. The resultant vibration can exceed operation limits and create abnormal wear if the engine is not shut down, or lost operating time if it is shut down. In either case, the operator incurs unnecessary expenses.
ANTI-ICE SYSTEMS
To prevent undersirable ice buildups, manufacturers have installed anti-ice systems. These systems are operated when icing is expected and serve to heat the inlet air or the inlet surfaces so that icing will not occur. The systems can use bleed air or electrical power for the heat source.
Heating the inlet air constrains the amount of power available on a cold day in order to keep turbine temperatures within limits. This method does insure that all surfaces are protected; however, the specific fuel consumption (SFC) will suffer due to the large amount of air to be heated. Heating the surfaces susceptible to icing may allow full power to be derived from the unit on cold days, but some risk is taken as some surfaces may be overlooked or they may not be amenable to heating.
The choice between bleed air or electrical energy sources is usually based on the extent of past experience with either system. The bleed air source may offer a convenience benefit because the air is generated as part of the basic cycle and no auxiliary equipment (outside of an air valve) is required. On the other hand, the turbine may be driving an electrical generator that may serve as the electrical energy source.
The areas requiring protection can include IGV 1 s, first-stage blades, bullet noses, bellmouths, and inlet screens. The relative importance of ice protection of these components varies with particular design features, but usually the bullet nose and IGVis are the first components to begin icing. These are in the high velocity, cold flow of the inlet and do not have the vibration and rotational forces that the first-stage blades have to help keep them clear of ice. The inlet screen is probably last to encounter icing problems because it is in a low velocity area Fig. 4 Rosemount 871 BC-2 ice detector and, therefore, has a low icing rate. But the screen can still be quite a problem because the small wire is a good collector of ice and may, in fact build up ice when larger components, even in higher speed flow, will not have icing problems. The inlet bellmouth usually has a large radius of curvature and, therefore, has a relatively low catch efficiency. However, portions of the bellmouth are in the cold, high velocity flow that increase the icing possibilities. Therefore, the bellmouth is usually considered to be as susceptible to ice as the bullet nose and is provided with anti-ice protection.
CONTROL OF ANTI-ICE SYSTEMS
As pointed out in the section on icing meteorology, many techniques have been used to determine when to operate anti-ice systems. These techniques range from weather forecasts to temperature-humidity sensors and associated instrumenta-tion logic. In each technique, potential problem situations exist that are not amenable to solution by the presently used sensing techniques.
In the field of military aircraft ice detection, a proven ice detector has evolved that monitors actual icing rather than conditions for icing. This detector has been selected by the military, as well as commercial, aircraft manufacturers over past ice-detection methods for its reliability and freedom from false signals. This detector is proposed as a solution to the icing problem of ground based and marine turbines. A photograph of the detector is shown in Fig. 4 .
The detecting probe is an ultrasonically (40-KHz) vibrating 1/4-in.-dia, 1-in.-long element on a 2.3-in.-long strut. The frequency of vibration is lowered as ice builds on the probe. This change is sensed by the electronics in the enclosure below the strut and probe, and an icing signal is given. The detector then deices the probe and also the strut and continues to signal in this cyclic nature if icing continues.
The ice detector is used to actuate a latching relay or a timed output relay. The latching relay will hold the output signal, continuously actuating the anti-ice system until it is reset manually, whereas the timed relay will actuate the anti-ice system for a period up to 5 min. This latter time period is chosen as being sufficient time so that only under very trace icing conditions will the anti-ice system itself be cyclically operated. Under most icing conditions, the system will be held on continuously until the icing condition ceases.
The timed output version is an excellent source of automatic anti-ice system actuation. This is particularly important in remote areas. To further enhance the remote application, the detector and power supply-relay module are designed fail-safe. A failure of power or detector will actuate the anti-ice system continuously. Also, two ice detectors are provided for installation at different positions in the system and serve redundant roles, further enhancing the reliability of the detector actuation system. A typical installation is presented in Fig. 1 .
CONCLUDING REMARKS
The past guidelines for determination of probable icing have been reviewed and shown to be inaccurate statements of conditions for turbine engine icing. A new statement is presented that more clearly defines the icing criteria relating to the actual condition of the inlet airflow rather than the general ambient conditions.
The effects of icing have been presented and methods of protection discussed. In light of the foregoing new icing definitions, a method of instrumenting the engine to detect icing, rather than potential icing, has been presented. This proposed instrumentation method offers a significant advance over the methods presently used in the gas turbine industry.
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